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. 1 , Ob.lect , 

To iLiike Ln expcriixental study of tlie flov/ in 
a nozzle desirned to "irovide a parallel jet at 
s up er sonic speeds, 

B, lletl.od , 

A nozzle \:c'.s built based u ;on t)ie theory of 
Irandtl and L.eyer for t^/o di)iensional expansion 
of a f;as flov.ing around a corner at supersonic 

r 

speed. Tills tlieory assviL.es isentropic and ir- 
rotational flov;, Bo allowance is j.iade for var- 
iations in the hunidity, 

C , r?e suits , 

1, Tlie observed pressure ratios fcllo\/ed 
closely the curve inuic: tea by the tneoretical 
values , 

h. Tiler e is an cricctive ]..ovcj-.cnt of the cor- 
ner do’.xni. ard and to t.ie leit for decreasing 
prcLxSure ratios. This i.iover.ent causes the nozzle 
contour to be theoretically incorrect since the 
original analysis \/as based on a fixed corner, 

3, The nori.al condition of flow is shocklcss 
excer-t for a condensation shock, 

D , Conclusions , 

9 

1, The assu 2 .i])tions of the theory; viz, isen- 
tropic and irrotatiorml flo\/ are too rigid for 
exuer inental and calculated values to agree, 

t 



2. Tiie nozzle provides u :-.a,rallel str( n.i at 
suijcrsonic velocity, the velocity nciny de^-'cndent 
upon tlie de{rrec of expansion desired, 

3. The presence of the condensation shock 
caused an additional variation in tl:e observed 
and calculated values of pressure ratios. 

decoruuendations, 

1, That the huiiidity be controlled, 

2, That further invest if;., t ion of boundary 
layer conditions be made \;hen apparatus becohies 
available , 

3. That Schlieren pnotofraphs of pressure 
snockvS be nade usinf a faster method of exposure. 

4. That further investifation be made as to 
the possibility of usiny, this nozzle contour as 
a supersonic diffuser. 
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II II TciODbCTlOI. 



The pur':i0£30 of this thesis \jas to r..al:e an cx- 
periiiental study of the flo\; in u nozzle desifpicd^ 
to provide a parallel jet at supersonic speed. 

This study \/as to include views of the flow \,ith 
the Sclilieren apparatus to detcrriine if norijial 
flo\/ was shockless; to invest ir;ate the boundary 
layer conditions; and to cieterL^ine the effect of 
pressure shocks occurin^ in the nozzle contour, 

6o far as is known.no studies of this nature have 
been previously made. 

Two arbitrary strearaines , as defined by the 
Prandtl and I.eyer theory for flow around a cor- 
ner \/ere selected for the nozzle contour, the 
choice of strcai'ilines beinr*: r'’:overned primarily 
by a limitation of the physical len{'th of the 
nozzle, and tlie caoacity of the air ejector, ^t 
the nozzle throat i/hicli is the befirininf; of the 
flow around the corner, and also tiie bcf, inning-; of 
the cLreaiiiline contours, ti.e critical pressure 
ratio exists and sonic velocity occurs, .at sec- 
tions downstream from the throat expansion occurs, 
the pres; ure ratio becoi.es less than critic*. 1, the 
stream ensneus direction as defined by the stream- 
lines, and tne velocity becoi.es supersonic. Cond- 
itions at tJie entrance to the nozzle arc ati.iosn icx'ic , 
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and the entrance area is i.ade lar^e enoufli to rc 
duce the approach vtlocity to y,'o of that at the 
t]iroat. ho atteiipt was i.ace to control humidity 
of the air enter iiv; the nozzle. 
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.i. Dcscri^)tion of I-ov.:0.e. 

The nozzXe was iiachiiied in two separate pieces 
as shov/n in X'i^. X, tlie pieces bein^.’; held in proper 
position relative to eacl. other by straps at either 
end fitted i/ith do\«'el pins. Pressure taps \/ere 
provided at tlie throat section snd at points of 
theoretical pressure ratios of 0.50, 0,40, 0.30, 

0.20, 0.15 and 0.10 for both the up]>er and lower 
contours. These taps led to a bat ter 3 ’’ of nercury 
r.;anoLieters, perLdtting ineasurenent of the pressure 
at the tap. Plate plass sides, of the general outline 
of the nozzle, \;ere fitted to its sides aiiu made air 
tiglit by a thin layer of Duco cement bet\/cen glass and 
nozzle sides, and bj^ tape along the edges of the glass. 
The exit end of the nozzle \/as fitted with a wooden 
adapter to permit connecting it to the air ejector 
I-'iping. 

f 

B. Operation. 

Flov; of air through the nozzle is started hy 
bringing tiie air ejector up to its operating point 
and opening the cut-out valve to the nozzle. This 
valve is opened wide so that si.ochlcss flow is obtained. 
Jteady state conditions are reached quite rapidly 
after which readings of tl.e rianor.ietcr U^ttcry are 
taken. Ati.ospheric conditions are also recorded, 
ns tlie exhaust valve is closed, a shock will 
occur in the nozzle coi*tour and further closing of 
this Valve i.oves t.he siiock tox.ard tiie throat until 

iT 



finally it occurs at the entrance. '^he nosition of 
this shock can be determined aoDroxiraately Nfrom the 
indications of the ra'^mometer readings. 

TE3T ^PPA-’^ATUS 
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IV 



^enults are nubnlttcd in the form of curves 
shovm by Figs. 2, 3, 5(a), and 5(b). 

A ♦ Fig. 2 is a dimensionless nlot of nressure 
ratio versus area ratio. It shows hovj nearly the 
actual conditions in the nozzle anoroach the theo- 
retical. "’he curves for the bottom and ton contours 
were based on the average values of ten seoarate, 
normal runs taken on different days. Since each 
olotted point is an average value, the curves were 
passed through all ooints rather than faired in. 

B« Fig. 3 shows the lines of theoretical 
constant pressure as determined from the average 
readings for the ten normal runs. In general, the 
actual constant nrersure linen do not nass through 
the noint "0" as recuired by theory, and they show 
a movement of this noint dov.aiward and to the left. 

C. Fig, ^ shows the comouted thickness of the 
boundary layer on both contours assuming that it is 
of eaual thickness on all bounding surfaces. '"hese 
curves are qualitative only. 

D. Figs. 5(a) and 5(b) shov/ the effect on the 
pressure ration of shocks in the nozzle nroduced by 
increasing the exhaust nreesure. Curve I reoresentn 
a selected normal run; curve renresents o run with 
a shoe’' in ^ he nozzle contour; successive curves 
are with the shock nearer the throat. Curve VTI is 
with the shock outside the nozzle throat. 
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A, The plot of orccrure ratio existing in the 
nozzle versus area ratio shov/s that the experiir.cntal 
value does not reach the theoretic^.l value. This 
result is as expected since the theoretical value 
ignores the effects of friction and the subsequent 
buildinr-up of the boundary layei*. In adaition, the 
theoretical value asauiies dry air and so does not 
iiave to account for the effects of condensation. In 
this nozzle thex'e v/as a condensation shock present at 
all tj.rics that nornal runs were ruude, T}iis shock occ- 
urred in the vicinity of the 0,40 pressure ratio tap. 
The position of the shock varied slightly fron day to 
day defending upon tlie relative hunidity, A shock of 
this kind i.oves dov/nctreaiii fron the tlirout as relative 
hunidity decreases, and as the relative hur-iidity app- 
roaches zero, the flow in a nozzle approaches isen- 
tropic conditions r.iore closely (4). 

The eflect of the condensation shock on pressure 
ratio is shovm by the rise of tlie curves in the region 
bet\/eon the taps for pressure ratios of 0,40 and 0.20. 
This effect is i.ore noticeable along the upper contour 
then it is along the lov;cr contour. 

iit the begiiinin^, of the straight section the 
pressure ratios are beconing nore nearly the sane for 
upper a]id lo\/er contours. 



14 - 






B» For the construction of Fi^. 3 a plot of 
the nozzle contour v/us i.ade, and the lines of theo- 
retical constant pressure, vherc pressure taps \;cre 
located, \/ere dra'v.n in. Then the average pressure 
ratio readings for nox'jat.1 xuiiis \;ere plotted vertically 
bolo\.' their corresponding taps. Froi,i these points the 
curves of pressure ratio versus horizontal distance 
along the nozzle contour v/ere drawn for both the up- 
per and lo\.er surfaces. Since a line of constant pres 
sure is a horizontal line on this plot, by projecting 
vertically upv/ard, the points of equal pressure uay 
be located on both the nozzle surfaces. Piov/ever, the 
Schlieren pictures show that the pressiure is not con- 
stant along the line' connecting points of equal pres- 
sure, nor along any radial line in the nozzle contour, 
but rather that a line of const..tnt pressure, as indic- 
ated by the shock, is ti line cones ve dowiistreani. The 
average slope of tiie sljock is such that the tangent 
"v/ill pass near ”0”. 

These lines, connecting points of equal pressure, 
depart from the theoretical lines of constant pressure 
ana, in general, sho\/ a rotation about the original 
lines. The result is an effective icovement of the 
corner si.o^/ing that the nozzle contour is no longer 
correct even if iscntropic flo\; v/ere realized. 

From tixis plot, the location of the throat is 
shoi./n to be very near the t£it) for a pressure ratio of 
0 , 50 . .ictually, the throat section of the nozzle was 

IS 



not in tlie i)roper loc^ ti.-n, ..hilc arn enblinc tbe 
nozzle it was discoverca ti.at the section of uininuia 
area \;no between the 0,53 - nd 0,50 pressure ratio 
tans, being closer to tlie 0.50 tap, .in attempt was 
nade to correct this condition by rubbing the sur- 
f ce \/ith emery and crocus cloth, but the result 
\/iis not cciipletely successful. The difference in 
area between t)ie pressUo.'e taps at 0.53 and those 
at 0,50 is Very critical being of tlie order of 
0,0009 in2. Thus very slight errors in macjiining 
the nozzle contours will result in variation in 
the position of tne throat. 

Calculations \/ere made for the vertical move- 
ment of ”0*' using the theoretical relux-ions developed 
in Am-jendix B, the obser\’'ed values of pressure ratio, 
and the geometry of the figure. These calculations 
show the same movement of "0" as is sho\;n in the plot, 
so they are not included here. They may be found 
in the original data. 

Using the theoretical relations and plotting 
a new contour based on the new position of ”0” showed 
that the nozzle as actually made had too much curvature. 
In operation this \;as indicated by tJie fori..ation of 
u film of grease and dust on the upper surface, 

C, Originally, it \/as intended to study the 

boundary layer \/ith Bchliei'en apparatus designed for 
tiiis \vork in an effort to obtain quantitative results. 
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ilo'v.GVcr, thla cippL.i*atus \/as Lot cOi-.^leLod in tine to 
enable the studj" to be iiode. 

v^ualitative results were obtained by assunirip, 
that the thickness of the boundary layer on tlie y,lass 
Bides and the nozzle contour is the sane, Tiie 
difference between the area required to expand isen- 
tropically to the observea pressure ratio and the 
area existing in the nozzle at this ratio was taken 
as the area of t'le boundary layer, ns the pressures 
at corresponding taps on upper and lower surfaces 
\/ere not identical, boundary layer thicknesses \.ere 
coiuputcd using data fron each contour. The two 
curves obtained indicate that the boundary layer 
thickness is not the sarae for upper and lower contours, 
which invalidates the original assunption, but they 
do show an increase in thickness with distance along 
tiie contour. 

An atteiipt \/as made to corapute tiLicknecsco based 
on the ifoveiaent of the corner, but no significant 
results \;ere obtained. These calculations are \;ith 
the original data. 

D. The location of the sliocks introduced in 
tl.e nozzle contour \.'as not detenained exactly. 

Froi.. a consideration of the nanometer rcadinfs and 
the Scliliercn pictiu*es, an approxinate location can 
be deduced. The curves are shoAm dotted whex^e shocks 
occur ed since these points are doubtful. 

Tlic curves for the top contour are conventional 

n 



vT 

in that v;hen a shock occurs there is an abruot 
pressure rise across the shock with the nressure 
continuing to rise after the shock. 

Curves for the bottom contour are convention- 
al except for runs VI and VI T for v/hich there is an 
abrupt pressure rise, followed by a decrease in 
pressure and then an increase in nressure. It is 
'■ not known what causes this neculiar behavior of the 
lower contour for shocks at or near the entrance. 
However, the shock in both these runs occurred in 
the vicinity of the condensation snock v»fhich may 
have affected the readings in some manner. If this 
were the case, it seems reasonable to exnect that 
the nressure taos along the unper contour would 
show the same effect. ‘^ince the un->er contojr 
does not shov/ the same result, possibly the fact 
that the nressure taos are a greater distance anart 
along that surface allow:-- the flow to become stable 
before reacnlng the next tao. 
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VI CONCLUSIONS 



1. The flow is not Isentronlc. 

2. Pressure is not constant along a radial line. 

3 . The condensation shock was not antlclnated and 
may have had considerable effect on the results. 

A. A new, theoretical contour based on the movement 
of "0” showed that the original contour had 
too much curvature. 
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VII .tLCOi.J 



1. That the humidity be controlled. 

2. That further invcstif;ation of bounat-ry 
layer conditions be made when anparatus becoi.es 
available \;ith a view to obtaining c/uantitative 
results . 

3. That Schlieren photographs of shocks 
be made usinc faster methods of exposure. 

That further Investiyation be made as 
to the roscibility of usinn this nozzle contour 
us a supersonic diffuser. 

5. That the throat be located directly 
above ''0”« 
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VIII A^PP..?TDTX 



Symbols 

A Area oernend Icular to flow at any point. 
Throat area, 

a Local velocity of nound. 

c Velocity which a gas v/ould attain If allowed 
to flow in steady motion Into a vacuum. 

G Mass rate of flow, 
k Ratio of snecific heats (1,400), 

M Mach number, 
m Local Mach angle. 

0 Origin for rectangular and oolar coordinates; 
corner about which expansion^ is assumed to 

c> 

take place, 

0* Corner about which exnanslon actually takes 
place . 

p Absolute pressure at point considered. 

Per Critical nrersure ratio, 
p^ Atmospheric pressure. 

Pq Stagnation pressure at section 0. 
q Stream velocity at any oolnt. 
r Radius vector to any nolnt from "0". 
r’ Radius vector to any noint from O', 
r^ Radius vector at throat. 
r-J Radius vector at throat from O'. 

X , 

Tp Radius vector at oolnt 2 from 0. 

vT 

Ar^ ^adial distance at throat between selected 



streamlines , 



^rp ^adlal dintance -t r^olnt 2 between selected 
ntreaml Ines . 

T Absolute temoerature at any oolnt. 

u component of stream velocity along radius vector 
at any oolnt. 

V component of stream velocity peroendlcular to 
radius vector at any oolnt. 

^Bub Specific volume at any point considered. 

X Abscissa at any oolnt considered, 
y Ordinate at any oolnt considered. 

2 Vertical movement of 0. 

X A constant — \J ~ 

A 

«ngle at o between vertical and radius vector 
to any oolnt. 

6 Angle at o' between vertical and radius vector 
to any ooint. 

^ Complement of local mach angle. 

^ Streaii density. 
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viii ai-pekdi:: 



B. DeveloDi ent of Theoretical Equations 



'^c 

To 




The dynaiTiic ecuatlons for any two dimen- 
sional fluid notion ex}-)rensed in polar coord- 
inates are 



. dC AT^ / 

fy ^ y? ' — 



^ dA ''‘A Q 






-y- 



14A/ ^ 

A. 








' A^G 



( 1 ) 



(2) 



\;here u and v are the coi.ijonents of velocity 
alori{: and perpenaiculu.r to the radius vector 
through the point considered. 

The equation of continuity is 






( 3 ) 



AGsuiie: 1. Velocity, pressure and den- 

sity are constant silonc a 
radius . 



Isentroric conditions. 



z 



i 



( 4 ) 



Then (1), (2) and (3) reduce to 

ITfi 






/I 



/ 






(5) 



( 6 ) 



Equation (4) is the condition for irro- 
tational flo\/ and shows tiiat this type of 
notion is iL.nlicd, 



f / 

=. , (5) 11 ^ 3 ^ be v-rritten 



as 

A. 






(7) 






Substituting in (6) th.e value of ae 

(7^-^^)0-f^) ^ o (s) 

v/liicii is the general equation of floi/ v/hich 
iiiust be satisfied. Since ( Cc.nnot 

be 0 for all values of G, as the presfure 
\/ould then be constant throughout the field, 
v;e nust have 



^ = AT ^ 



a ^ AT 



(9) 



and froi, the adiabat;ic la:/ 







^ y<r 



( 10 ) 



z 



From Bernoulli's equation v/e have 



( 11 ) 



sul:ctitutinf the vulue of froi-x (10) in (11) 

/jZ ^ ^2. 

Oi -f- — C 

« 

substituting^ the v: lue of v from (4) in (12) 
gives 



(M- 



v/hcre /\ - 

Integration of (13) ^^ith 9 measured from the 
radius at wliich u=0 so that the constant of 
integration \/ill vanish gives 

he = 



or 



d ~ c 

A 

/tr= ^ 



( 12 ) 



(13) 



(U) 



(15) 



Frol, ec.uations (10) and (11) '.e have 



Fron condition that mass rate of flov/ is a 






constant 

■ 

a A, 



end rei.ieiaher i3ig ^ , v;e ohtciin 









From the adiabatic gas lav; 



yjTx, 







( 16 ) 



(IV) 



(13) 



(19) 
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A A ^ 

/ - /Oc<^' P 

/ -h ^ ^ ^ 

" I'yT^ziJX^] 



X- 

z 



( 20 ) 



(21) 



(22) 



Fron ei.uations (14), (15) -nd (16) 

A xc^)^ ^ A 0 J 

^ = C^ [f - -z(f- f ^ 

by ijuLcititutiii{5 (23) ii- (l6) tind rci.xenbcx*ii 



( 23 ) 



that C 



ind 






L 

-f / 



\/e 



.. *<-' 

obt.,ir^^^^_ / y,Xi»tt/^Ae^ (24) 



£7 



. 4-' 

[^c^=‘AC-j =[C^*')(±)yf-/J 



substituting (26) in (22) and squaring 

/C/yjj f ^ r X , ^ 7 <4 *7 -T 

^J7r(p-)-^-l] 

substituting value of A (27) and solving 



( 26 ) 



( 27 ) 



for cos ^ at any pojnt iii terns of the pressvure 

Jt r , i. krL 



gives 



> 

Z 



^^--(^)‘[(f-)'^-'] 

ubstituting the value of cos Z' at from 



(• 28 ) 



(2C) in (20) 



4^ ,i 



(pAfh-f [' i ' . / 

taking two of terms from above cciuation and 
siiiulifying 

['~cPA'l‘ ' 

Jince velocity is sonic at section 1 (throat) 



( 29 ) 



28 




since is nny radius, drop tde subscript 
and let A , (29) tlien becoMes 




substituting (31) in ( 30 ) and smiplifying 






or directly from (30) 











X 

z 



(30) 



(31) 

(32) 



(33) 



( 3iv) 
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Usin{^ value of k ;.g 1.4000, (33) (34) 



reduce to 

A = 



^ ’-o.$S7f¥ 

aS7S77 A,(f:) 



( 35 ) 



(36) 
in equations 



e = Z <f^9^9 [f- o9S¥(^J ] 

By subutitutiiip; values of m 
(21), (35) and ( 36 ), the follo\;iny values of A , 
O and ^ \/ere obtained for plottinr the 
streaiLlines. (See TABLE I on followin;^ page.) 

For ease of laying out the contour, the 
dii.ensions as given in 'ibiBLE I v/ece changed 
froi.. polar to rectangular coordinates as sho\/n 
on the sketch of the nozzle (Figure 1). The 
origin for the rectangular coordii\ates is the 
corner about which the exnansion is assumed to 



take place. 

The straight section of the nozzle is 
an arbitrary length of the tangents to the 
contours at a prccsure ratio of 0.10. 
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Values 


A 

of ^ , 


, /W vor 


sus . 




rf. 




/A 

A., 




/>t - ( 9o— 


.527 


0 


1.000 


0 


90.000 


.50 


17.555 


1.0483 


17.120 


72 . o80 


.45 


29.096 


1.1474 






.40 


39.306 


1.2693 


35.167 


5k, sy^ 


.35 


4o.l52 


1.4337 






.30 


55.675 


1.6242 


45.735 


44.265 


.25 


63.741 


1.3939 






.225 


67.392 


2.0778 






.20 


72.235 


2.2992 


54.176 


35.824 


.175 


76.733 


2.5730 






.15 


81.677 


2.9421 


58.132 


31.818 


.125 


37.554 


3.4971 






.10 


93.004 


4.1648 


62.383 


27.617 
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C. ^>u mmary of Data 



TABL*^ II - 




1(a) 


. Normal 


, , siiockleos runs, uooer contour. 








Run 


Atmos . 


0.53 


0.50 


0.40 


0.30 


0.20 


0.15 


0.10 


te 


1 


764.4 


0.578 


0.519 


0.420 


0.367 


0.232 


0.198 


0.143 


7/26 


2 


765.5 


0.573 


0.515 


0.416 


0.381 


0.214 


0.LS9 


0.143 


ft 


3 


764.6 


0.578 


0.517 


0.470 


0.369 


00 

CJ 

• 

0 


0.164 


0.151 


7/29 


4 


tl 


0.578 


0.517 


0.442 


0.369 


0.248 


0.164 


0.140 


ft 


5 


ft 


0.575 


0.516 


0.448 


0.375 


0.239 


0.190 


0.140 


It 


6 


tl 


0.576 


0.516 


0.436 


0.372 


0.240 


0.189 


0.141 


II 


7 


764.5 


0.576 


0.518 


0.492 


O.38O 


0.236 


0.192 


0.149 


8/2 


8 


759.0 


0.574 


0.516 


0.506 


0.385 


0.237 


0.200 


0.159 


8/10 


9 


764.4 


0.568 


0.509 


0.425 


0. 364 


0.236 


0. 186 


0.150 


8/12 


10 


tt 


0.569 


0.514 


0.429 


0. 364 


0.232 


0.186 


0.147 


It 


Sum 




5.745 


5.157 


4.435 


3.726 


2.362 


1.858 


1.463 




Avg. 




0.574 


0.516 


0.448 


0.373 


0.236 


0.186 


0.146 




1(b) 


. Normal 


, shocklesc runs, lov;er contour. 










AtolSL. 


Q.,5.3„ 


0.50 


0.40 


0.30 


0.20 


0.15 


0.10 


Date 


1 


764.4 


0.594 


0.524 


0.431 


0.356 


0.272 


0.214 


0.152 


7/26 


2 


765.5 


0.591 


0.500 


0,430 


0. 340 


0.264 


0.220 


0.153 


11 


3 


764.6 


0.593 


0.507 


0.437 


0. 384 


0.295 


0.225 


0.165 


7/29 


4 


n 


0.593 


0.507 


0.437 


0. 384 


0.291 


0.225 


0.165 


II 


5 


ft 


0.592 


0.504 


0.432 


0. 366 


0.293 


0.225 


0.165 


M 


6 


n 


0.592 


0.504 


0.429 


0.376 


0.299 


0.225 


0.165 


It 


7 


764.5 


0.590 


0.505 


0.432 


0.396 


0.286 


0.220 


0. 166 


8/2 


8 


759.0 


0.590 


0.504 


0.445 


0.425 


0.303 


0.226' 


0.172 


8/10 


9 


764.4 


0.585 


0.494 


0.425 


0. 366 


0. 302 


0.220 


0.154 


8/12 
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> t-- Jsrr 



T»i 












8/12 



10 764.4 


0.585 


0.494 


0.425 


0.569 


0.298 


0.220 


0 . 


Sum 


5.904 


5.027 


4.525 


3.762 


2.905 


2.220 


1. 


Avg. 


0.590 


0.505 


0.452 


0.376 


0.290 


0.222 


0 . 



2. Huns with shock In contour. 




(a ). 


Uoner 


Contour 


« 












Run 


Atraor . 


0.55 


0.50 


0.40 


0.30 


0.20 


0.15 


0 . 


I 


759.0 


0 . 5 'T 4 


0.516 


0.506 


0.385 


0.237 


0.200 


0 . 


II 


764.4 


0.569 


0.505 


0.420 


0.359 


0.229 


0.295 


0 . 


III 


764.5 


0.566 


0.505 


0.419 


0.359 


0.291 


0.439 


0 . 


IV 


759.0 


0 . 574 


0.51s 


0.504 


0.400 


0.569 


0.582 


0 . 


V 


759.0 


0.575 


0.518 


0.509 


0.600 


0,662 


0.674 


0 . 


VI 


759.0 


0.580 


0.545 


0.646 


0.720 


0.769 


0.781 


0 . 


VII 


759.0 


0.584 


0.560 


0.661 


0.734 


0.785 


0.798 


0 . 


(t>). 


Lower 


Contour 


• 












Run 


Atmos , 


0.53 


0.50 


0.^0 


0.30 


0.20 


0.15 


0 . 


I 


759.0 


0.590 


0.504 


0.445 


0.425 


0.303 


0.226 


0 . 


II 


764.4 


0.584 


0.490 


0.422 


0.361 


0.301 


0.215 


0 . 


III 


764.5 


0.585 


0.491 


0.424 


0.360 


0.301 


0.215 


0 . 


IV 


759.0 


0.591 


0.504 


0.458 


0.425 


0.330 


0.470 


0 . 


V 


759.0 


0.590 


0.505 


0.455 


0.425 


0.524 


0.580 


0 . 


VI 


759.0 


0.595 


0.515 


0.491 


0.695 


0 , 656 


0.706 


0 . 


VII 


759.0 


0.599 


0.524 


0.505 


0.719 


0.672 


0.720 


0 . 



(Pictures corres oond Ing to these runs marked Fig. 6- 
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612 

l6l 



10 Date 
159 8/10 
357 8/12 
450 Q/12 

600 8/10 
689 8/10 
792 8/10 
816 8/10 

10 Date 
172 8/10 
224 8/12 

551 8/12 
521 8/10 
626 8/10 
744 8/10 

765 3/10 

T, etc) 



f 



w 

I 







4 








j 



I 




f 










71G. &-I11 




riG. MV 



- 35 - 



PIG. ^VI 
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D. Samnle Calculations. 

1. Method of coc:.nutins r / ri , 0 , ^ . 

From ap’^endlx ’^TTT, B: 
r/ri : 0.57871 (d/Pq) "^•'^5714 

9 : 2.44949 arc CO? [1.0954(p/Pq)°*^'^^®^ 3 

y I arc tan ( tan \ 0 ) 

Assuming a nreesure ratio of 0.40 





0.14286 








log 


9.15490-10 


Po/p - 


2.500 


log 


0.39794 


log 


log 


9.59981-10 






log 


0.05685 


log 


log 


8. 75471-10 




1.0954 








log 


0.05959- 












“log 


0.05685 




16.046° 






logcos 


9.98274-10 




16.046 








log 


1.20537 




2.4495 








log 


0.38908 


0 : 


39.306° 








log 


1.59445 




0.85714 






log 


log 


9.93305-10 




2.500 


log 


0.39794 


log 


log 


9.59981-10 






log 


0. 34108 


log 


log 


9.53286-10 




0.57871 


log 


9.76246-10 








r/r^ 


I 1.2693 


log 


0.10354 
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D. “^T-ranle Icul^ t ionr (con’t). 






A 't* I 



r 



k I 1.400 




: 0. 


40825 


0.40825 




log 


9.61092-10 


39.306 




log 


1.59445 


16.0^^6'^ 




log 


1.20537 


16° 2.8‘ 




logtan 


9.45382-10 


2.4495 




log 


0. 33908 


35° 10.2' 




logtan 


9.84790-10 



2. Cs-lcula tlon of nres'^ure ratio. 





Obs 


erved ■ 


values , 


uoper 


contour, 


mm Bg . 






1. 


At mo a . 


0.55 


0.50 


0. '.0 


0.30 


0.20 


0.15 


o 

• 

c 


2. 


54 


378 


424 


476 


533 


635 


672 


710 


3. 


O'or -Atm. 


324 


370 


422 


479 


581 


618 


656 


4. 


Line 3 
Bar. 


0.425 


0.484 


0.552 


0.625 


0.761 


0.810 


0.860 


5. 


p/Po 


0.575 


0.516 


0.448 


0.375 


0.239 


0.190 


0.140 



3. Calcul^ition of area oornendlcular to flow. 
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D . 3am ole Calculations (con*t)« 



From sketch on preceding mge: 



r 



X 



A 




r^ ?in (90 - ^ ) 

5 



Theo 



p/Po 


0.53 


0.50 


0.40 


’"x 


1.000 


1.0483 


1.2693 


r^/2 


0.500 


0.5242 


0. 6346 


Bln {90-^)1,000 


0.95569 


0.81745 


2 

A Inf 


0.500 


0.50C97 


0.51875 


A/At 


1.000 


1.002 


1.039 



0.30 


0.20 


0.15 


0.10 


1.6242 


2.2992 


2.9421 


^ . 1648 


0.8121 


1.1496 


1.4710 


2.0324 


0.69804 


0.53524 


0.52725 


0.46360 


0.56688 


0.67279 


0.77558 


0.96540 


1.132 


1.346 


1.552 


1.930 



4. Calculation of grov.-th of bound -iry layer when 
layer la aspumed to be uniform on all bounding surfaces, 
(a). iToper contour. 



Avg.p/p^ 


0.57A 


0.516 


0.448 


0.373 

1 


0.236 


0. 136 


0.146 


r/! (for isen. 
exp. to avg. 
p/oq) 0.93 


1.02 


1.14 


1.28 


1.60 


1.76 


1.92 


At,/A 


0.996 


0.998 


0.990 


0.950 


0.800 


0.720 


0.^5 


A (req'd) 


0.503 


0.501 


0.505 


0.526 


0.625 


0.695 


0.778 


A (act. ) 


0.500 


0.501 


0.518 


0.567 


0.672 


0.775 


0.965 


Dlff. In? 




0.000 


0.013 


0.041 


0.047 


0.080 


0.187 


t In . 




-0 , 000 


1.036 

0.0042 


1.132 

0.0126 


1.344 

0.0127 


1.550 

0.0195 


1.930 

0.0385 
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D . Sample Calculatlonr (con’t). 



(t>). Lower contour. 



Avg.p/po 


0.590 


0.503 


0.432 


0.376 


0.290 


0.222 


0.161 


M 


0.920 


1.04 


1.16 


1.28 


1.46 


1.64 


1.85 


At/A 


0.994 


0.998 


0.982 


0.950 


0.875 


0.780 


0.670 


A (req'd) 


0.504 


0.501 


0.509 


0. 526 


0.571 


0.641 


0.746 


A (act. ) 


0.500 


0.501 


0.519 


0.567 


0.673 


0.775 


0.965 


Diff. in? 




0.000 


0.010 


0.041 


0.102 


0.134 


0.219 


il 






1.136 


1.132 


1.344 


1.550 


1.930 


t in. 






0;0033 


0.0126 


0.0277 


0.0327 


0.0450 



( -^ " 2t ) ( a - 2t ) I ^reo 'd 

4t2 - 

Neglecting the t^ term as insignificant, 

t “ - A(reo(d ) - ^diff , 

2.S. -h I a.fL-f I 



i 



t— > 
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^ Calculations ( c )nt * d ) 

5, Calculation of ne\; contouj? based on O’, 




}Jciuations used (frui.. Appendix B and {;eo]ietry 
of fir'ure). 

/ -/ r* / p \ ' 'V- 29 — 

= z ^s Co. (poKb.. j 







(0- 0'l 


2r = 


/T - 


ith ^ 


< = 


/I, 


^ y 






! 

fL, 


/i' 


= n 


/I. 



Sai.n'tle Calculation, Upper Contour, 



) =. 



p€> ' Ot* 






'^■6 






^2 



o 



. -if y' 

e [/095- (.^ 3 t) J - 66.V 

/Uy^(e-e ') _ 

i - /I Qf “ f/6 ~ O.Sfo 

A,'-= A,+i = Z. S /3 





Calculated va 


lues s 


ed on obstrvca x, 


.*e. sure 


ratios . 


THBo 


















0.53 


0.50 


0.40 


0.30 


0.20 


0.15 


0.10 








Upper Contour 






0 OiCKfCO 














f/P‘ 


0. 57i» 


0.516 


0.443 


o.y/3 


0.236 


0.186 


0.146 


0' 


0 


11.75 


31.1 


44 » 4 


06.4 


74.6 


82.8 


Z 


0 


0.104 


0.O98 


0.910 


0.513 


0.756 


1.49 




2.00 


2.104 


2.698 


2.910 


2.513 


2.756 


3.49 


/I ' 


2.00 


2.20 


3.42 


4.71 


5.77 


8.09 


14.50 


Q 


0 


17.55 


39.31 


55.67 


72.24 


81.67 


93 . 00 








Lo'./er Cor, tour 






0 B i£tz.vs.0 








0.376 








m 


0.590 


0.503 


0.432 


0.290 


0.222 


O.lol 


f 

e 


0 


15.2 


33.6 


44 . 4 


57.1 


u8.1 


79.6 


z 


0 


0 . 164 


0.227 


0.456 


0.715 


0.748 


O.90I 




1.00 


1.164 


1.227 


1.456 


1.715 


1.748 


1.981 


/i! 


l.Ou 


1.22 


1.55 


2.37 


3.95 


5.14 


8.26 


e 


0 


17.55 


39.31 


55.07 


72.24 


81.07 


93.00 






ii. plot of the Values of r 


’ and 9 


gives the con- 




tour 


Si.oVrTi Ly 


ti.e*’ dot'i 


-cd lines 


in the 


figure 


on the 



prcccdinr; paf^e. 



4i 












V i^n Mnnnnnnn ir?^f 
;3 iiiiiiiiiiiiiiiiiiiiiij^ji^,... 
'^-YIIlIlIlIinilllMMU/v - 
\jmiijiiy!uui;^^j^. 



VIII APPENDIX 



Supplementary Discussion . 

1. Interpretation of pictures. 

The condensation shock, Fig. 6-T, v;as 
present for normal flov/ and for shocks down- 
stream of it. Its slope did not agree with 
the slope of the theoretical lines of con- 
otant pressure nor with the slope of the 
pressure shocks. 

Fig. 6 -tj pnd ^ig. 6-III shov/ a peculiar 
type o^ shock occur jng well downstream. 
Reparation is suite apparent here. 

Fig. 6-IV and Fig. 6-V show the shock 
approaching the condensation shock. 

^ig. 6-VI shows a pressure shock occuring 
in the vicinity of the condensation shock, 
separation at the lov^er contour is noticeable. 
?!ost of the light area dovmstream is caused by 
imperfections in the glass. 

Fig. 6-VTI v/as taken with the shock uo- 
stream of the throe t section. TIote that the 
condensation shock seams to have disappeared 
in this condition of flow. 

■Pressure ‘■■hocks were not stationary but 
moved back and forth suite r-r^oidly, creating a 
wide band in the photographs. The camera used 
in taking these photographs was not fast enough 
to stop the motion of the shocVis. 





I 





VIII AP^-'I'IX 



^ • Loc-ition of Original T^9ta . 

All original calculations, granhs, and negatives 
are in the possession of ■Professor Frnest P. Peumann 
of the Mechanical ’Engineering Department, Massachusetts 
Institute of Technology. 
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